Background
==========

There is a growing interest in improved test methods to assess biological effects of nanoparticles. Studies of cellular processes and determination of toxic effects of nanomaterials on cells are commonly based on examining the response of a cellular population, such as a cell monolayer, tissue, or organ \[[@B1]-[@B6]\]. In many biological assays, such as colorimetric, fluorometric, or chemiluminescent assays, the data are a result of the mean response of the complete cell population. In those assays, the signal of a single cell is lost in the signal caused by the large cell sample. A detectable signal, above the background noise, can be due to the response of a specific subset of cells within the population or by a response of the complete cell population. Especially when performing biological studies with nanoparticles, there might be a large variation in the response of the individual cells based on whether or not they came in contact with nanoparticles and, in addition, on the level of exposure, which is known to play an important role. Since an altered response in a low number of cells can be the trigger for certain diseases, such as autoimmunity, cancer, and neuronal diseases, the analysis of nanoparticle-induced responses of individual cells is of main importance \[[@B7],[@B8]\]. Therefore, cell-based assays that can detect the response of a low number of individual cells are required. In addition, *in vitro*studies demonstrated differences in the behavior of cells isolated or in a cell population \[[@B9]-[@B11]\], showing that isolated single cells react in a different physiological manner compared to cells within a monolayer or cell suspension. New methodologies have to be established to bridge the gap between population and quantitative single-cell analysis. Technologies for the characterization of single cells, such as capillary electrophoresis (2D, 3D), polymerase chain reaction (PCR), single-cell gel electrophoresis, and elastography, are already used, but these are invasive and often time-consuming techniques \[[@B12]-[@B22]\]. Invasive techniques destroy the cell and consequently do not permit the detection of single living cells or to perform kinetics on one and the same cell. Flow cytometry is used to investigate nanoparticle-induced effects at the single-cell level but is not suitable for the characterization of adherent cells since the cells need to be in suspension. Detachment of the cells from the surface of the cell culture dish might alter their characteristics \[[@B23]\]. With regard to the application of single-cell analysis as pharmaceutical *in vitro*screening method, the goal of this study is the evaluation and validation of a non-invasive technique to characterize cellular processes of adherent biological cells on an individual level in a small defined cell population. Biological microelectromechanical systems (Bio-MEMS) present a suitable approach for analyzing a small amount of cells on a defined cell culture area. Recently, classical detection technologies like optical and electrochemical analysis and mass spectroscopy have been combined with the chip technology \[[@B24]-[@B26]\]. Dynamic single-cell culture arrays of isolated cells have enabled to determine the level of produced or secreted proteins but do not simulate the physiological conditions of a 2D cell culture \[[@B21],[@B27]\]. Silicon nitride (Si~3~N~4~) has been used as matrix for cell-based assays due to its chemical, optical, and mechanical properties \[[@B28]\]. Only few studies exist on the biocompatibility of Bio-MEM-materials \[[@B29]-[@B33]\]. Currently, no Bio-MEMS exist for long-term culturing, and long-term observation of cell response features larger, more comparable cell culture area dimensions compared to the micro-sized cell culture chamber presented in this paper \[[@B32],[@B34]-[@B40]\]. At current, no Bio-MEMS exist for long-term cultivation and non-invasive quantification of specific cellular responses of adherent individual cells in a small defined cell layer cultured on miniaturized Si~3~N~4~membranes with cell culture areas smaller than 0.2 mm^2^. The use of a micro-sized chip-based cell culture system in combination with reporter cells presents a powerful tool for the analysis of small cell populations and will improve the evaluation of non-invasive *in vitro*test methods to observe sub-toxic effects on individual adherent cells in a small cell population under physiological conditions. This article introduces a miniaturized microcavity chip (MCC)-based method for the non-invasive analysis of nanoparticle-induced effects of adherent single cells in a small defined cell layer.

Results and discussion
======================

Fabrication of the miniaturized microcavity chip
------------------------------------------------

An MCC was fabricated by semiconductor process technology (Figure [1a](#F1){ref-type="fig"}). The design focused on the improvement of the high-quality optical analysis of cellular reactions of a small cell population compared to conventional cell culture chambers. An 800-nm-thick transparent Si~3~N~4~ membrane forms the cell culture area with a surface of 0.16 mm^2^. Due to the positive optical and mechanical properties of Si~3~N~4~, the micro-sized culture chamber has optimal optical properties when using microscopic analysis methods. The seven individual miniaturized cell culture chambers in each cultivation segment guarantee a statistical analysis of the generated data. The MCC represents an array of miniaturized cell culture chambers for permanent non-invasive characterization of individual cells in a cell layer. The miniaturization of the cell culture area guarantees the observation of the complete cell culture area (Figure [1b, c](#F1){ref-type="fig"}).

![**The miniaturized cell culture chamber**. (**a**) Work flow of the fabrication. (**b**) Design of the MCC. The MCC contains 6 × 7 miniaturized cell culture chambers. (**c**) Photographic image of the microcavity chip. Scale bar 5mm.](1556-276X-6-505-1){#F1}

Currently, the 800-nm-thick transparent Si~3~N~4~membrane used in this study is the thinnest membrane layer available so far with good optical properties, allowing easy analyzing of individual cells in a cell culture layer with high optical quality. The six individual culture segments provide the opportunity to analyze different materials or concentrations under identical physiological conditions (Figure [1c](#F1){ref-type="fig"}).

Each of the six culture segments possesses seven individual microcavities which are used as cell culture chambers (Figure [2a](#F2){ref-type="fig"}). The addition of a test substance in one of the six culture segments guarantees a statistical analysis by the seven separate micro-sized cell culture chambers. The size of the Si~3~N~4~membranes of the cell culture area (400 × 400 μm) (Figure [2b, c](#F2){ref-type="fig"}) was chosen to observe the whole area with one microscopic image (888 × 666 μm) and to guarantee a more physiologically realistic condition compared to single-cell analysis, since about 200 to 250 cells are present in each cavity and thus a small monolayer can be formed. To observe all cells of a cell layer in conventional cell culture chambers, the whole area has to be scanned, which is a very time-consuming procedure. The advantage of the miniaturized cell culture chamber is that the entire cell culture area can be analyzed quickly with better optical quality and without any changes of the cell behavior.

![**Microscopic images of the miniaturized cell culture chamber with a Si~3~N~4~membrane**. (**a**) Photographic image. Scale bar 1,100 μm. (**b**) Phase contrast microscopic image. Scale bar 150 μm. (**c**) Scanning electron microscopic image. Scale bar 150 μm.](1556-276X-6-505-2){#F2}

Another advantage of the MCC is that optimal focusing is possible, whereas polystyrene membranes of conventional cell culture dishes only allow focusing in the center of the cell culture area due to edge effects. The Si~3~N~4~-cell culture area of the miniaturized system possesses a square shape due to its production process. Due to the etch process, the end walls are positioned in an angle of 54.7° amplifying the optical properties of the cavity membrane due to the reduced edge effects. Preliminary experiments showed that the round shape of conventional cell culture chambers, like 96-well microplates or 384-well microplates, resulted in edge effects, leading to unfocused microscopic images of the cells. Additionally, the correlations between fluorescent and bright-field images did not conform to each other when using conventional polystyrene cell culture chambers. In contrast, the developed micro-sized cell culture chamber reduced the working distance during microscopy due to the 800-nm-thin Si~3~N~4~membrane. In addition, due to the square shape of the cell culture chambers, the edge effects are minimized resulting in clear focused microscopic images with analogy bright-field and fluorescent images with high optical quality. Furthermore, Si~3~N~4~features minimal auto-fluorescence in comparison to polystyrene.

Currently, only few microsystems exist for non-invasive analysis of specific reactions of individual cells in a small adherent cell population via optical methods \[[@B32],[@B38]\]. Stangegaard et al. described a polymethylmethacrylate (PMMA) chip as micro cell culture system with a cell culture area of 99 mm^2^\[[@B32]\]. In comparison to the PMMA-micro cell culture system, the established MCC with its 800-nm-thin Si~3~N~4~membranes offers a better optical quality and can also be used for scanning electron microscopy (SEM). Compared to the conventional fluorescence-based analysis techniques, the combination of a reporter cell line and the MCC presents a more sensitive and cost-efficient *in vitro*method. Advantages of the quantitative analysis via MCC are the low sample volume, the small amount of test materials, the capture of the complete cell culture area with high optical quality, and thus the possibility to statistically analyze the variations between the individual cell responses.

Analysis of the biocompatibility of the MCC
-------------------------------------------

The biocompatibility of the evaluated microcavity chip was analyzed by culturing human bronchial epithelial cells (A549 cells) in the miniaturized cell culture chamber for 48 h (Figure [3](#F3){ref-type="fig"}). The cells adhered onto the Si~3~N~4~membranes and showed characteristic morphologies. Scanning electron microscopic images after 7 days of cultivation of A549 cells confirmed their adherence to the Si~3~N~4~membrane (Figure [3b](#F3){ref-type="fig"}). Moreover, the cells did not only adhere to the Si~3~N~4~membrane but also to the Si sides (Figure [3a, b](#F3){ref-type="fig"}). The viability of the A549 cells was verified after 7 days of proliferation via fluorescein diacetate (FDA)/propidium iodide (PI) staining (Figure [3d](#F3){ref-type="fig"}). The viability after this prolonged incubation period was 96.2 ± 0.3%. Furthermore, the suitability of the miniaturized cell culture chambers for cultivation and differentiation of sensitive *in vitro*systems was determined.

![**Microscopic images of different cell types cultured in the miniaturized cell culture chamber**. (**a**) Scanning electron microscopic image of A549 cells on the Si-sidewalls. Scale bar 20 μm. (**b**) Scanning electron microscopic image of A549 cells after 7 days of culture on the Si~3~N~4~membrane. Scale bar 200 μm. (**c**) Scanning electron microscopic image of PC-12 cells 8 days after neuronal differentiation. Scale bar 100 μm. Small box: bright-field image of neuronal differentiated PC-12 cells. Scale bar 50 μm. (**d**) Fluorescence microscopic image of A549 cells after 7 days of cultivation after FDA/PI staining. Scale bar 50 μm. (**e**) Bright-field microscopic image of proliferating hMSCs after 7 days. Scale bar 100 μm. (**f**) Scanning electron microscopic image of hMSCs after 18 days adipogenic differentiation. Scale bar 100 μm. (**g**) Bright-field image of adipogenic differentiated hMSCs. Scale bar 20 μm.](1556-276X-6-505-3){#F3}

As sensitive *in vitro*system, PC-12 cells (rat adrenal pheochromocytoma cells) were grown in the microcavity. These cells are used as model cells in tissue engineering \[[@B41],[@B42]\]. After adding the differentiation stimulus nerve growth factor to the cell culture medium, the suspension cells started to adhere and form neuronal networks (Figure [3c](#F3){ref-type="fig"}). Mesenchymal stem cells (MSCs) were used as a model for a sensitive *in vitro*system \[[@B43]\]. The morphology of the human MSCs (hMSCs) during proliferation is comparable to the morphology of the cells cultured on polystyrene membranes as it is common in conventional cell culture chambers like 96-well microplates (Figure [3e](#F3){ref-type="fig"}). The adipogenesis was used to determine the effect of miniaturization on the differentiation capacity of hMSCs. Human MSCs were cultured for 18 days in adipogenic differentiation medium. Lipid droplets, which were formed as a result of adipocytes, are visible by bright-field microscopy (Figure [3g](#F3){ref-type="fig"}). Scanning electron microscopy (SEM) images of the adipogenic differentiated hMSCs show a clear increase of adipogenic differentiated hMSCs, also in the corner areas of the microcavity (Figure [3f](#F3){ref-type="fig"}). The performed studies verify the biocompatibility of the Si~3~N~4~membrane and the suitability of the microcavity for *in vitro*studies. A549 cells as well as hMSCs proliferate in the microcavity. Furthermore, we are the first to demonstrate the possibility to induce adipogenic differentiation of hMSCs as well as a neuronal differentiation of PC-12 cell in the microcavity with a cell growth area of 0.16 mm^2^. Due to the high need for MSCs in the field of tissue engineering, the micro-sized cell culture area opens new potential for culturing and differentiation of 3D MSC cultures as well as studying stem cell niches using relatively low numbers of cells which also allows the inclusion of more repetitions and treatments. Such studies could provide insight in cancer stem cell research, since miniaturization allows a detailed observation of the complete cell population in the cell culture chamber. The microchip combined with neuronal cells provides a basis for new methods for research on neuronal diseases like Alzheimer or Parkinson disease, for the development of new sensitive drug screening methods and for the quantification of toxicodynamic and toxicokinetic effects.

Application of the MCC for the analysis of nanoparticle-induced effects
-----------------------------------------------------------------------

After confirmation of the biocompatibility of the evaluated miniaturized cell culture chambers, the system was validated for the non-invasive quantification of IL8 gene promoter activations of individual cells of a small cell population. Currently, much research is ongoing to determine potential effects of nanoparticles on health of workers and consumers. The amounts of engineered nanoparticles with a range of different sizes and shapes and made from different materials are steadily growing, and there is a need to determine the biological response to these novel materials. In this respect, the immune system is of special interest, since one of the main functions of the immune system is to deal with foreign materials \[[@B44]\].

In order to determine whether or not the MCC method could be suitable for the analysis of nanoparticle-induced immunomodulatory effects, a stable transfected A549 reporter cell line, containing the IL8 promoter sequence linked to the gene for green fluorescence protein (pIL8-GFP), was established. The sequence of the IL8 promoter was placed before the GFP sequence, whereby GFP was used as a reporter gene. IL8 promoter activation resulted in the generation of GFP which was accumulated within the cell. Since the original IL8 gene has not been replaced, the analysis of IL8 expression by conventional methods is still feasible. Beyond that, the combination of the miniaturized cell culture chamber and the transfected reporter cell line pIL8-GFP A549 allows the detection of specific IL8 promoter activity of individual cells in a small adherent cell population. First of all, the cells were stimulated by a pro-inflammatory stimulus to determine whether the cells respond in an appropriate manner. Recombinant human tumor necrosis factor alpha (rhTNF-alpha), a cytokine involved in local and systemic inflammations, was added to the cell culture. The GFP expression of the transfected pIL8-GFP A549 cells verifies an IL8-coupled inflammatory response. The kinetics and stability of GFP was determined by stimulating the A549 cells with the rhTNF-alpha. Stimulation with rhTNF-alpha showed a dose-dependent increase in GFP production which peaked when using 20 ng/ml TNF-alpha (unpublished observation). Moreover, the cell line could be kept in culture for more than 1 month without a loss of responsiveness to general cellular stimuli.

After 24 h exposure of the pIL8-GFP A549 cells with 20 ng/ml TNF-alpha, the GFP expression was quantified via fluorescence spectrometry using a 96-well microplate and via fluorescence microscopy using the micro-sized cell culture chamber. The comparison of the two different methods results in a higher response when using the MCC-based technique (Figure [4a](#F4){ref-type="fig"}). By the miniaturized method, GFP expression was detectable in 59.2 ± 16.8% of the cells in the microcavity compared to the untreated control (Figure [4a](#F4){ref-type="fig"}). Via a 96-well microplate, an increase of fluorescence intensity of 44.6 ± 9.7% was proven (Figure [4a](#F4){ref-type="fig"}). Thereafter, the fluorescence intensity of 90 individual GFP-expressing pIL8-GFP A549 cells was quantified after incubation with TNF-alpha (20 ng/ml) in the micro-sized cell culture chamber. The fluorescence intensity of each individual cell was quantified digitally as pixel number. The pixel number of the 90 analyzed cells varied between 0 and 2,700 pixels per cell. The histogram of the fluorescence intensity evidenced that most stimulated cells have fluorescence intensities with values less than 270 pixels (Figure [4b](#F4){ref-type="fig"}). This result revealed that the MCC-based system is very sensitive and feasible for quantifying GFP expression and distinguishing the fluorescence intensity of individual cells in a small cell population.

![**GFP expression of TNF-alpha- and GC10-exposed pIL8-GFP A549 cells**. pIL8-GFP A549 cells were cultured in the microcavities and exposed to 20 ng/ml TNF-alpha or 30 μg/ml GC10 for 24 h under physiological conditions. In parallel, 10,000 pIL8-GFP A549 cells were seeded in 96-well microplates and stimulated with 20 ng/ml TNF-alpha and 30 μg/ml GC10 for 24 h. After the exposure time, the GFP expression of the pIL8-GFP A549 cells in the microcavities was analyzed by fluorescence microscopy. The percentage of GFP-expressing cells in the microcavity was calculated via the software analysis. The GFP expression of the pIL8-GFP A549 cells in the 96-well micro plate was quantified by fluorescence spectrometry. The percentage of GFP expression is pictured as alteration to the untreated control (alteration to control/percent). (**b**) pIL8-GFP A549 cells were treated for 24 h with 20 ng/ml TNF-alpha in the microcavities. The GFP expression of 90 individual cells was quantified. The classes of the fluorescence intensities (*x*-axis: class of GFP intensity) and its frequency (*y*-axis: frequency) is presented.](1556-276X-6-505-4){#F4}

Chemicals but especially particles can interact with single cells within a cell population and only induce a response at a certain threshold concentration, which varies from cell to cell, e. g., depending on the cell cycle stage or on previous exposures. Therefore, the analysis and quantification of single-cell responses will provide important information on the toxicity of the tested materials. The MCC-based method is therefore qualified as new non-invasive *in vitro*method for analyzing single-cell responses of adherent cells under physiological conditions.

In order to detect the suitability to use the developed method for nanotoxicology studies, two nano-sized materials (gold nanoparticles (GC10) and silver nanoparticles (SC10)) have been used for validating the new non-invasive method. Before investigating the effect of the nanoparticles on the IL8 promoter activation, they were characterized physicochemically (Table [1](#T1){ref-type="table"}). The detected zeta-potential is a characteristic for uncoated nano-scaled gold and correlates to the data described in the literature \[[@B45]-[@B47]\].

###### 

Physicochemical characterization of the used nanoparticles

  Nanoparticle   Material    Diameter (nm)   zeta-**potential (mV)**   Absorption maxima (nm)
  -------------- ----------- --------------- ------------------------- ------------------------
  GC10           Gold        9.0 ± 0.03      -33.8 ± 1.82              515
  SC10           Silver      7.37 ± 0.03     -41.03 ± 0.9              395
  MC100          Magnetite   63.8 ± 0.37     -4.5 ± 0.55               320

To determine the inflammatory effect of GC10, pIL8-GFP A549 cells were cultured in presence of 30 μg/ml nanoparticle suspension in the microcavities (0.16 mm^2^) and in the well of a 96-well plate (34 mm^2^) for 24 h. For every cavity, the total number of cells and the number of fluorescent cells were determined by microscopy, and the ratio of fluorescent cells was calculated. The quantification of the fluorescence and bright-field images resulted in an increased amount of fluorescent cells (26.44 ± 4.09%) in comparison to the conventional method (19.8 ± 18.5%) (Figure [4a](#F4){ref-type="fig"}). In addition, the fluorescence spectrometry resulted in a major standard deviation. In contrast, the MCC-based method shows a small standard deviation, which indicates that it is a very sensitive and reproducible system. For correlating the amount of nanoparticles and the inflammatory status of a single cell, pIL8-GFP A549 cells were incubated in 30 μg/ml GC10 or SC10 for 48 h. By fluorescence microscopy, it was observed that the nanoparticles were not located homogeneously on the cells and on the membrane (Figure [5](#F5){ref-type="fig"}). However, no correlation was observed between the amount of nanoparticles on the cells and the IL8 promoter activation. Nevertheless, the overlay of the bright-field image (Figure [5a](#F5){ref-type="fig"}) and the fluorescence image (Figure [5b](#F5){ref-type="fig"}, [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) of the GC10- and SC10-treated pIL8-GFP A549 cells in the microcavity allows quantification of the fluorescence intensity and thus the inflammatory status of single cells.

![**Microscopic images of SC10- and GC10-treated pIL8-GFP A549 cells in the microcavity**. pIL8-GFP A549 cells were treated for 48 h with (2) GC10 and (3) SC10 under physiological conditions. (**a**) Bright-field image. Scale bar 50 μm. (**b**) Fluorescence image. Scale bar 50 μm. (**c**) Overlay of the bright-field and the fluorescence images. Scale bar 50 μm. (**d**) Overlay of the bright-field and the fluorescence images of individual GC10-exposed pIL8-GFP A549 cells. Sections of this image are pictured in (d1 to d4). Beside individual GFP-expressing pIL8-GFP A549 cells interacting with nanoparticle aggregates (d1, d2), also GFP-expressing cells with few or less nanoparticle interaction were observed (d3, d4).](1556-276X-6-505-5){#F5}

The determination of the effect of miniaturization on nanoparticle-induced inflammatory cell responses resulted in a basal amount of untreated pIL8-GFP A549 cells varying between 8% and 11%, for all tested cell culture areas (Figure [6a](#F6){ref-type="fig"}). This is in agreement with previous experiences that A549 undergoes some degree of activation by normal cell culture procedures and that IL8 induction is a particularly sensitive signal. After MC100 exposure, the amount of GFP-expressing cells increased slightly but was still at the level of the untreated control. After SC10 exposure, the amount of fluorescent cells increased to 41.3 ± 5.1% (0.16 mm^2^), 36.0 ± 6.2% (11 mm^2^), and 43.3 ± 4.5% (34 mm^2^) (Figure [6a](#F6){ref-type="fig"}). The results obtained showed that the growth area had no influence on the cell response.

![**Effect of nanoparticles on pIL8-GFP A549 cells**. (**a**) Effect of miniaturization on nanoparticle-induced inflammation in pIL8-GFP A549 cells. pIL8-GFP A549 cells were cultured on three different growth areas (0.16, 11, and 34 mm^2^) and exposed to 20 μM SC10 and 20 μM MC100 for 24 h under physiological conditions. The percentage of GFP-expressing cells per growth area was analyzed by fluorescence microscopy. The amount of GFP-expressing pIL8-GFP A549 cells in relation to the cell growth area is depicted. The results are presented as mean of three independent experiments ± SD. (**b**) Concentration-dependent effect of nanoparticles on mitochondrial dehydrogenase activity of pIL8-GFP A549 cells. pIL8-GFP A549 cells were exposed to 0 to 50 μg/ml SC10 und MC100 for 24 h under physiological conditions. Triton X-100 was used as positive control. Via WST-1 assay the mitochondrial dehydrogenase activity was quantified. Untreated cells were set as 100%. The results are presented as mean of three independent experiments ± SD compared to the untreated control.](1556-276X-6-505-6){#F6}

The cytotoxic effect of SC10 and MC100 was evaluated using the WST-1 assay. MC100 induced a concentration-dependent cytotoxicity but a low decrease in mitochondrial activity with a maximum reduction of 20% when cells were treated with 50 μg/ml MC100. In contrast, SC10 had an IC~50~value of 27 μg/ml in pIL8-GFP A549 cells, which correlated with the effect of SC10 on IL8 promoter activation (Figure [6b](#F6){ref-type="fig"} and [7b](#F7){ref-type="fig"}). The reduction in fluorescence intensity at higher concentrations could therefore be caused by the cytotoxic effects of SC10. A maximal reduction of the mitochondrial activity of 38% was found when cells were treated with 50 μg/ml SC10 (Figure [6b](#F6){ref-type="fig"}).

![**Concentration- and time-dependent effects of nanoparticles on the GFP expression of pIL8-GFP A549 cells**. (**a**) pIL8-GFP A549 cells were cultured in the microcavities and exposed to 30 μg/ml GC10 and SC10 for 48 h. The GFP expression of the pIL8-GFP A549 cells was analyzed via fluorescence time-lapse microscopy. The percentage of GFP-expressing cells was quantified using the software analysis. (**b**) pIL8-GFP A549 cells were treated with 0 to 50 μg/ml SC10 for 24 h in the microcavity under physiological conditions. Parallel 10,000 pIL8-GFP A549 cells were cultured and treated in a 96-well microplate with 0 to 50 μg/ml SC10. The GFP expression of the pIL8-GFP A549 cells in the microcavities was analyzed by fluorescence microscopy and the GFP expression of the cells in the microplate by fluorescence spectrometry.](1556-276X-6-505-7){#F7}

Besides the threshold-dependent detection of inflammatory reactions, the usability of the MCC-based system to determine time-dependent inflammatory processes was tested. By time-lapse microscopy, SC10 induced a time-dependent increase of the amount of GFP-expressing pIL8-GFP A549 cells in the microcavity. After 26 h, the percentage of fluorescent cells decreased to the fluorescence level of untreated pIL8-GFP A549 cells (Figure [7a](#F7){ref-type="fig"}). The amount of GFP-expressing GC10-treated cells remained on the control level, and after 30 h, the amount of fluorescent cells increased to 12.9 ± 4.1% and ranges in the following 18 h between 9.8 ± 2.5% and 15.8 ± 0.5% (Figure [7a](#F7){ref-type="fig"}).

To test the use of the micro-sized cell culture for determination of threshold-dependent effects, pIL8-GFP A549 cells were incubated with 0 to 50 μM SC10 for 24 h at 37°C. Ten micrograms per milliliter of SC10 induced an increase in fluorescence intensity of 25%, and 20 μg/ml induced a significant increase of 40% (Figure [7b](#F7){ref-type="fig"}), whereas concentrations higher than 40 μg/ml caused no significant increase in fluorescence intensity compared to the untreated control. Inflammatory effects as well as cytotoxic effects are threshold-dependent effects. Low concentrations leading to an inflammatory process could cause cytotoxic effects, but normally this is not the case. If a cytotoxic effect is induced, the concentration is often too high to activate the inflammation-specific pathways in the cells. In our experiments, the exposure time of 24 h concentrations up to 20 μg/ml resulted in a significant IL8 promoter activation quantified as GFP expression and concentrations higher than 30 μg/ml resulted in a significant decrease of cell viability as analyzed by WST-1 assay resulting in less GFP expression (Figure [6b](#F6){ref-type="fig"} and [7b](#F7){ref-type="fig"}).

The combination of the miniaturized cell culture chamber and the transfected reporter cell line pIL8-GFP A549 realizes the establishment of a chip-based *in vitro*method as non-invasive technique for detecting inflammatory processes of adherent cells in a small cell population. Compared to the 96-well microplates, the new miniaturized cell culture chamber enables a fast and sensitive quantification of IL8 promoter activations that is based on the analysis of individual cells within a population.

It has been described that the physical properties of nanoscale materials can interfere with the analysis of toxicological parameters \[[@B48],[@B49]\]. The MCC-based method is based on optical analysis followed by digital quantification of the induced GFP expression of every individual cell in the microcavity. One advantage of the miniaturized method is the recording of the complete cell culture area in one image. Hence, every individual cell response is involved in the assessment of the inflammatory status. By observing every individual cell, the interference of the physical properties of the nanoparticles with the fluorescence spectrometric analysis was avoided. Besides reproducibility and sensitivity, the use of the miniaturized system for the detection of threshold-dependent effects was tested. The comparison of the data obtained using a 96-well microplate and the developed micro-sized cell culture chamber verified the suitability of the microcavities as biocompatible cell culture chamber with better optical quality and the suitability of the MCC in combination with the transfected reporter cell line pIL8-GFP A549 as new non-invasive *in vitro*method for the continuous observation of GFP expression and the quantification of concentration- and time-dependent nanoparticle-induced IL8 promoter activation in adherent cells of a small cell population.

Conclusions
===========

The goal of this study was to establish a biocompatible micro-sized cell culture chamber and to prove its applicability to determine nanoparticle-induced effects of an individual cell of a small cell population.

The need to develop non-invasive *in vitro*methods to detect nanoparticle-induced effects of a small cell population is high and can be illustrated in conjunction with the European chemical regulation REACH \[[@B50]\]. Previous methods for nanotoxicity studies are OECD standardized techniques; most of these ignore the individual differences within a cell population and can therefore lead to misinterpretations. The development of the MCC, described in this manuscript, allowed us to culture cells in a way in which their behavior is comparable to that observed in conventional cell culture systems. Compared to macro-scale cell culture chambers, the MCC offers the opportunity for culturing, long-term observation, and manipulation of a small amount of cells on a defined cell culture area. Using this non-invasive system, individual cells could easily be observed and specific cell reactions could be quantified.

The bottom of the miniaturized cell culture chambers was made of Si~3~N~4~membranes to ensure biocompatibility as well as excellent optical properties for cell analysis. The small size of cavities enables a high number of cavities on each chip and facilitates the performance of many independent assays on one plate. The funnel-shaped cavities avoid the appearance of meniscuses, and therefore, the total cell growth area can be used for analysis. Moreover, the miniaturization allows the microscopic analysis of the entire cell population in the cavity in one microscopic field. The detection of the complete cell layer guarantees reproducible results without any subjective choice of representative areas of the cell monolayer.

Besides the advantage of convenient handling, the microscopic analysis of small amounts of cells and nanomaterials increase the through-put rate of the experiments, resulting in a time- and cost-effective method. The established cell culture chamber (0.16 mm^2^) is a biocompatible chamber with the thinnest (800 nm) transparent cell culture layer existing, resulting in high optical quality. Therefore, the proposed *in vitro*method bridged the gap between population measurements and quantitative single-cell analysis. Such a non-invasive system could be used to investigate the nano(immuno-)toxicity on an individual cell level, followed by selective quantitative analysis of the induced intensity.

Methods
=======

Fabrication of the miniaturized cell culture chamber
----------------------------------------------------

A miniaturized microcavity chip (MCC) (length 3 cm, width 2.5 cm) was fabricated by semiconductor process technology. Base material was a 500- μm-thick \< 100 \> orientated silicon (Si) wafer, coated double-sided with an 800-nm-thick silicon nitride (Si~3~N~4~) layer. Design and fabrication are shown in Figure [2](#F2){ref-type="fig"}. The MCC consist of six cavities (length of the outline 4,000 × 4,000 μm, depth 400 μm), where each have seven separate funnel-shaped microcavities (length of the outline 400 × 400 μm, depth 100 μm). These represent the miniaturized cell culture chambers with a Si~3~N~4~membrane and a growth area of 0.16 mm^2^. Prior to the application of the MCC for biological analysis, they were autoclaved at 121°C, 2 bar, for 15 min.

Cell lines and culture conditions
---------------------------------

All cell culture reagents were obtained from Invitrogen (Karlsruhe, Germany), unless stated otherwise. The human lung epithelial carcinoma cells A549 (ATCC no. 107) were cultured in RPMI medium supplemented with [L]{.smallcaps}-glutamine (4 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), and 10% (*v*/*v*) fetal calf serum (FCS). PC-12 cells (rat adrenal pheochromocytoma cells, ATCC no. 159) were cultured in RPMI medium supplemented with [L]{.smallcaps}-glutamine (4 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), 10% (*v*/*v*) horse serum, and 5% (*v*/*v*) FCS. For neuronal differentiation, RPMI medium was supplemented with 0.5% horse serum, 0.25% FCS, and 1% nerve growth factor. Human mesenchymal stem cells (hMSCs) were isolated from the bone marrow of human thighbone of human donors as described in literature \[[@B51]\]. The thighbones were kindly provided from the Protestant hospital in Zweibrücken (Germany) from Dr. M. Maue and Dr. Hassinger. Dr. E. Gorjup (Fraunhofer IBMT, St. Ingbert, Germany) isolated the hMSCs with a declaration of consent of each patient.

hMSCs were cultured in alpha-MEM supplemented with penicillin (50 U/ml), streptomycin (50 μg/ml), and 15% (*v*/*v*) heat-inactivated FCS (proliferation medium). For adipogenic differentiation, the proliferation medium was exchanged by differentiation medium (alpha-MEM supplemented with penicillin (50 U/ml), streptomycin (50 μg/ml) and 10% (*v*/v) FCS, 100 ng/ml insulin, 100 mM dexamethasone, 200 μM indomethacin, and 500 μM isobuthylmethylxanthine. Stable clones of pIL8 GFP-transfected A549 cells (A549 pIL8 GFP, see below) were cultured in the RPMI medium (supplemented with [L]{.smallcaps}-glutamine (4 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), and 10% (*v*/*v*) FCS) in the presence of G418 (0.5 mg/ml final concentration).

Cells were maintained in a 5% CO2 humidified atmosphere at 37°C.

Experimental procedure
----------------------

The experimental design is schematically depicted in Figure [8](#F8){ref-type="fig"}. To reduce the evaporation of the cell culture medium in the micro-sized cell culture chambers, a biocompatible cell culture chamber was positioned on the top of the MCC. Each chamber of the covered silicone FlexiPerm^®^chamber (Greiner Bio-One, Frickenhausen, Germany) includes seven individual miniaturized microcavities for statistical analysis of the experimental data. For each experiment, 100 μl cell suspension (100,000 cells/ml) were placed in each of the six culture segments. After 30 min, the cells adhered onto the Si~3~N~4~membrane. The segments of the cell culture chamber were filled with 100 μl cell culture medium. After 24 h of cell proliferation, the cells were exposed to the nanoparticles by aspirating the medium, washing the cells with PBS and adding the nanoparticle-containing medium. After the exposure time, the cells were analyzed microscopically. The total number of cells and the number of fluorescent cells were counted, and the percentage of GFP-expressing cells was calculated.

![**Schematic experimental design**. To reduce the evaporation of the cell culture medium, a biocompatible cell culture chamber was positioned on the top of the MCC. Each chamber of the covered silicone FlexiPerm^®^chamber includes seven individual miniaturized microcavities for statistical analysis of the experimental data. For each experiment, 100 μl cell suspension (100,000 cells/ml) were placed in each of the six culture segments. After 30 min, the cells adhered on the Si~3~N~4~membrane. The segments of the cell culture chamber were filled with 100 μl cell culture medium. After 24 h of cell proliferation, the cells were exposed to the nanoparticles by aspirating the medium, washing the cells with PBS, and adding the nanoparticle-containing medium. After the exposure time, the cells were analyzed microscopically.](1556-276X-6-505-8){#F8}

Generation of the stably transfected reporter gene cell line
------------------------------------------------------------

The host cells used for this study were A549 cells (ATCC no. 107). The human A549 cell line was transfected with an expression vector encoding green fluorescence protein (GFP) and an insert that encodes for the IL8 promoter region. The pTurboGFP-PRL expression vector was obtained from Evrogen (Moscow, Russia). This construct is a circular bacterial DNA which contains genes coding for ampicillin and neomycin resistance, allowing selection in respective bacteria and after transfection in human cells. Essential is that the construct also contains the GFP gene, as a reporter gene. The IL8 promoter sequence was amplified from human genomic DNA (Roche Diagnostics GmbH, Mannheim, Germany) by reversed transcriptase polymerase chain reactions (RT-PCR) using the forward primer 5\'-ata ctc gag ggg tac ctt cgt cat act ccg tat ttg ata agg aac a-3\' and the reverse primer 5\'-aga att cgc ata gat ctt ccg gtg gtt tct tcc tgg ctc tt-3\', containing the restriction enzyme sequences for Xho I and Eco RI, respectively, to allow cloning into the multiple cloning site. PCR with these primers resulted in an IL8 promoter fragment of 250 bp (NCBI NM 000584). The promoter fragment was chosen to include the main regulatory sites required for functional control of transcription. After cloning and plasmid isolation using standard techniques, A549 cells were transfected using Effectene (Qiagen, Hilden, Germany) following the distributors\' instructions. After transfection, cells were cultured in the presence of 0.5 g/l G418 (gentamicin). The single-cell-derived clones of viable cells containing the insert, as verified by RT-PCR, were expanded. Batches of the stably transfected cell lines were frozen in liquid nitrogen, and individual aliquots of the stably transfected cells were not placed in culture for more than 1 month.

Physicochemical characterization of the nanoparticles
-----------------------------------------------------

To ensure a good comparability of our results with those obtained in other studies, we have chosen nanoparticles which have been selected by the National Institute of Standards and Technology as certified reference materials for preclinical biomedical research. The commercially available gold nanoparticle solutions, synthesized by the Frens method \[[@B52]\], were purchased from BBInternational (Cardiff, UK). These particles were spherical gold nanoparticles, 10 nm in size (type gold colloid GC10). The utilized silver nanoparticles (SC10) with a diameter of 10 nm were purchased from PlasmaChem GmbH (Berlin, Germany). The iron oxide nanoparticles (MC100) with a mean diameter of 100 nm possess a starch shell and are also commercially available (Chemicell GmbH, Berlin, Germany). The colloidal aqueous nanoparticle suspensions were sterile filtered to exclude any bacterial contamination (pore size 0.22 μm). The nanoparticles were characterized by dynamic light scattering, surface charge (zeta potential), and by absorption spectroscopy. For determining the size distribution of the nanoparticles, dynamic light scattering measurements have been performed on a Malvern Zeta Sizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) using disposable clear zeta cells (DTS 1060C). The average diameter and polydispersity index (PDI) were provided by the instrument using general purpose analysis. The zeta average diameter and PDI reported herein were obtained as the average of three independent measurements (10 repetitions per measurement) performed on each sample. Zeta potential measurements were performed using a Malvern Instruments Zetasizer Nano (Malvern Instruments Ltd), operating with a variable-power (5 to 50 mW) He-Ne laser at 632 nm. Measurements were taken in zeta cells (DTS 1060C) at 25°C and repeated three times (10 repetitions per measurement) for each sample. UV-visible (UV/Vis) absorption spectra were taken on a two-beam UV/Vis spectrometer (Lambda 950, Perkin Elmer, WalthamMassachusetts, USA). The UV-visible absorption spectra of both gold nanoparticle suspensions were recorded at room temperature. For the experiments, the wavelength ranging from 250 to 700 nm was used.

Determination of the mitochondrial activity
-------------------------------------------

The mitochondrial function of the incubated cells was analyzed using the WST-1 assay (Roche Diagnostics GmbH). This assay is based on the cleavage of stable tetrazolium salt WST-1 by metabolically active cells to an orange formazan dye. The WST-1 assay was performed according to the manufacturer\'s instructions, with appropriate controls. After nanoparticle exposure, the cells were incubated with the ready-to-use WST-1 reagent for 4 h. After this incubation period, formazan formation was quantified by absorbance measurements at 650 nm. The net absorbance change taken from the wells of untreated cultured cells was scaled to 100% cell viability.

Determination of cell viability by FDA/PI staining
--------------------------------------------------

To differentiate between viable and dead cells, fluorescein diacetate (FDA)/propidium iodide (PI) (Sigma-Aldrich, Deisenhofen, Germany) staining was performed. FDA, a membrane permeable dye, is metabolized by viable cells to a green fluorescent dye. PI intercalates in nucleic acids and is unable to penetrate the cell membrane and therefore stains membrane-damaged cells only. Cell viability of A549 cells was determined by culturing the cells for 48 h on the Si~3~N~4~membrane at 37°C and 5% CO~2~. Afterwards, the cells were treated with the fluorescent dye mixture for 15 s. Thereafter, the cells were washed once with PBS to remove excessive dye molecules. The cells were observed under a Zeiss Observer Z1 fluorescence microscope (Zeiss, Jena, Germany) using ex~FDA~470 nm/em~FDA~525 nm and ex~FDA~555 nm/em~FDA~602 nm. The percentage of the viable and dead cells was analyzed using the cell imaging analysis software.

Time-lapse microscopy
---------------------

Time-dependent nanoparticle-induced GFP expression was quantified using time-lapse microscopy. The system Biostation IM-Q (Nikon, Düsseldorf, Germany) is composed of a microscope, an incubator, and a high-resolution camera. The combination of an LED and a fluorescence filter provides the opportunity for fluorescence quantification. pIL8-GFP A549 cells were exposed to 30 μg/ml GC10 or SC10 in the micro culture chamber at 37°C for 48 h. Every hour, a phase contrast and a fluorescent (ex 472 nm/em 520 nm) image of the entire cell culture area were taken of the same section of the sample. The amount of fluorescent cells was quantified via the software analysis.

Scanning electron microscopy
----------------------------

For SEM of adipogenic differentiated hMSCs, neuronal differentiated PC-12 cells, and A549 cells, the cells were fixed with cacodylate/glutaraldehyde buffer and contrasted using 2% osmium tetroxide and 1% tannic acid. After dehydrating the cells with ethanol, they were dried in a critical point dryer CPD-7501 (Quorum Technologies Ltd., East Sussex, UK) and covered with gold. Samples were examined in a scanning electron microscope EM 109T (Zeiss) using secondary electron mode.

Quantification of pIL8-GFP induction
------------------------------------

For quantification of an induced inflammatory reaction, the reporter cells pIL8-GFP A549 were used. The induction of the promoter is linked to the production of the inflammatory cytokine, and consequently, the intensity of the IL8 promoter activation is proportional to the GFP expression, which could be quantified microscopically and fluorometrically. For fluorometric quantification of GFP expression 300 to 10,000 cells per well were exposed to GC10 or SC10 (0 to 50 μg/ml) for 24 h at 37°C. After washing the cells with PBS, the GFP intensity (ex 485 nm/em 535 nm) was quantified fluorometrically using a Tecan plate reader (Tecan Deutschland GmbH, Crailsheim, Germany). RhTNF-alpha, as inflammation stimulating agent, was used as positive control. The IL8 promoter activation of pIL8-GFP A549 cells cultured in the micro cell culture chambers was analyzed after SC10 or GC10 exposure (24 h) by fluorescence microscopy.

Statistical analysis
--------------------

Independent experiments were performed three times in triplicates (*n*= 9), and the data are presented as mean ± SD. Statistical significance was established as *p*\< 0.01. Statistical tests were performed using the Mann-Whitney *U*test.

Abbreviations
=============

Bio-MEM: biological microelectromechanical systems; DNA: deoxyribonucleic acid; FCS: fetal calf serum; GC: gold colloidal nanoparticles; GFP: green fluorescent protein; hMSCs: human mesenchymal stem cells; MC: magnetite colloidal nanoparticles; MCC: microcavity chip; OECD: Organisation for Economic Co-operation and Development; PBS: phosphate-buffered saline; PCR: polymerase chain reaction; pIL8: interleukin-8 promoter; PMMA: polymethylmethacrylate; REACH: Registration: Evaluation: Authorisation and Restriction of Chemicals; rhTNF-alpha: recombinant tumor necrosis factor-alpha; SC: silver colloidal nanoparticles; Si~3~N~4~: silicon nitride; TNF: tumor necrosis factor.

Competing interests
===================

The authors declare that they have no competing interests.

Authors\' contributions
=======================

YK carried out the cytotoxicity studies, performed the nanoparticle characterization, designed the miniaturized cell culture chambers, participated in their fabrication, and wrote the main parts of the manuscript. GO carried out the transfection of the reporter cell line and was involved in the preparation of the manuscript. AS fabricated the microcavity chip. AD and HT obtained funding for this project and helped to draft the manuscript. HB helped to draft the manuscript. All authors read and approved the final manuscript.

Acknowledgements
================

We thank Dipl.-Chem. Rainer Lilischkis (University of Life Science Kaiserslautern, Institute for Information & Microsystems Technology, Germany) for his assistance with SEM experiments; Dr. M. Maue and Dr. Hassinger (Protestant Hospital, Zweibrücken, Germany) for kindly providing the thigh bones; and Dr. Erwin Gorjup (Fraunhofer IBMT, St. Ingbert, Germany) for isolating the hMSCs. This work was supported by the EU under the Framework VI project DIPNA (Development of an Integrated Platform for Nanoparticle Analysis to verify their possible toxicity and eco-toxicity) (STRP 032131 DIPNA).
